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Characteristics of light-induced pupillary oscillations at constant light intensities have been investigated
sparsely compared to sleepiness-related pupillary oscillations in darkness. This study presents the ﬁrst
controlled analysis of light-induced pupillary oscillations and their relationship to illumination. Pupillary
oscillations of alert subjects were recorded by infrared video pupillography in different background light-
ing. Although showing obvious relationships of mean frequency and amplitude to light intensity, there
were considerable inter- and intra-individual differences in the appearance of light-induced oscillations.
As they looked rather similar to sleepiness waves, the question remains to identify light-induced oscilla-
tions in day light and to differentiate them from sleepiness-related oscillations.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Light-induced pupillary oscillations have been investigated
infrequently compared to other spontaneous oscillations of the pu-
pil diameter like sleepiness-related ﬂuctuations in the dark (sleep-
iness waves) during decreased central nervous activation
(Lowenstein, Feinberg, & Loewenfeld, 1963). Frequencies below
0.5 Hz and amplitudes up to several millimeters are typical charac-
teristics of these so called sleepiness waves. Intensiﬁcation of
sleepiness increases the amplitude of such oscillations and de-
creases the mean pupil diameter. The imbalance of the central
sympathetic and parasympathetic nervous system in the state of
sleepiness is the underlying mechanism of the sleepiness waves
(Loewenfeld, 1993; Szabadi & Bradshaw, 1996). The oscillations
of the pupil size in darkness are generated by variable inhibitions
of the Edinger-Westphal nucleus as a result of ﬂuctuations in cen-
tral sympathetic activity (Wilhelm, Lüdtke, & Wilhelm, 1999).
The development and introduction of the pupillographic sleep-
iness test (PST) in sleep research and sleep medicine established a
new objective screening method for daytime sleepiness (Lüdtke,
Wilhelm, Adler, Schaeffel, & Wilhelm, 1998; Wilhelm, Wilhelm,
Lüdtke, Adler, & Streicher, 1996; Wilhelm, Wilhelm, Lüdtke, Strei-ll rights reserved.
, 1999, Nottingham, United
logy, Eberhard-Karls Univer-
many. Fax: +49 7071 294674.
(M. Warga).cher, & Adler, 1998). The test is based on infrared video pupillogra-
phy and mathematical data analysis. One important prerequisite
for this test is the recording in darkness because in light conditions
an unexplored interference with light-induced oscillations might
occur due to parasympathetic involvement (Loewenfeld, 1993;
Lüdtke, Warga, Wilhelm, & Wilhelm, 2002; Wilhelm, Warga,
Lüdtke, & Streicher, 2000).
In contrast, light-induced pupillary oscillations appear indepen-
dently of the vigilance level. In case studies Loewenfeld reported
several observations of pupillary oscillations at different light
intensities (Loewenfeld, 1993). Some authors explain the light-in-
duced oscillations by feedback mechanisms of the pupillary light
reﬂex arc (Longtin & Milton, 1989; Longtin, Milton, Bos, & Mackey,
1990; Wilhelm, 1991). A feature of human neural feedback mech-
anisms is their propensity to generate oscillations (Longtin & Mil-
ton, 1989; Stark, Campbell, & Atwood, 1958). With regard to a
possible relationship between pupil size and accommodation be-
sides the near triade (miosis, accommodation and convergence),
Hunter showed that spontaneous ﬂuctuations in pupil size are
not simply the consequence of ﬂuctuations in the accommodative
system. Only during the near response changes in both systems are
clearly linked while under open-loop conditions they rarely corre-
late (Hunter, Milton, Lüdtke, Wilhelm, & Wilhelm, 2000).
In alert subjects, Loewenfeld observed spontaneous pupillary
oscillations which she called ‘‘pupillary unrest”. When turning
out the light, the ﬂuctuations stopped abruptly. With increasing
luminance up to 400 cd/m2 Loewenfeld noticed an enhancement
of the frequency and the amplitude, but beyond 400 cd/m2 both
parameters declined. Light-induced oscillations tended to be some-
what more vigorous in young, excitable people than in older
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87/88 and page 186, ﬁgure 3-68]).
The aim of our study was to investigate light-induced oscilla-
tions in healthy normal subjects on a high alertness level to answer
the question: How is the relationship between light intensity and
amplitude or frequency of these oscillations? The background of
this question were considerations about possibilities to ﬁlter pupil
data collected in daylight to identify sleepiness during activities in
the daytime like e.g. driving.
2. Methods
2.1. Subjects
Twelve healthy subjects between 23 and 28 years (six females,
six males) took part in the study. Exclusion criteria for subject
selection were a history of sleep disorders or eye diseases (except
refraction anomaly). Persons taking medication inﬂuencing the
vigilance were also excluded from the study. As some subjects
worked from time to time at night, they were instructed to main-
tain a normal sleep schedule for at least four nights before the
investigation. The habitual consumption of coffee or black tea
should not exceed four cups a day.
The experimental procedures and the subject recruitment fol-
lowed the tenets of the declaration of Helsinki and were approved
by the Ethics Committee at the Medical Faculty of the University of
Tuebingen. Informed consent was obtained from all subjects after
explanation of the nature and possible consequences of the
study.
2.2. Infrared video pupillography
Pupil size was recorded simultaneously by two infrared video
pupillography systems, in order to warrant data collection also in
cases in which the conventional pupillographic sleepiness test
(PST;AMTech,Weinheim,Germany)might reach its limitations (pu-
pil diameters below 3 mm). Our prioritywas themeasurementwith
the PST because this is the commonly used and standardized appa-
ratus for the recording of spontaneous pupillary oscillations includ-
ing a standardized data management and analysis. For this method
also reference values from large normal samples are available. The
experimental lab system of the second pupillograph (Pupillograph
II) was only used in the second place. Therefore, if the PST provided
sufﬁcient data quality in a recording we preferred PST data for the
analysis and neglected the data from Pupillograph II in those cases.
Recordings were performed for both eyes directly and simulta-
neously; each pupillographic device recorded a different eye. The
Pupillograph II developed in the electronicworkshopof theuniversity
eye hospital of Tuebingen is also based on an infrared video pupillo-
graph. However, to assure the exact tracking of the pupil diameter
(high iris/pupil-contrast also insmallpupilsbelow3 mm), this system
appliesan (compared to thePST) infrared light source illuminating the
eye from below in an angle of 45 (Wilhelm, Neitzel, Wilhelm, Beuel,
Lüdtke, Kretschmann, & Zrenner, 2000). Therefore, on the screen a
black pupil is surrounded by an illuminated iris. Due to the different
light sources the bright pupil is analyzed in the PST, while Pupillo-
graph II uses the dark pupil for analysis.
Subjects were sitting in front of two arrays of infrared light-
emitting diodes (IR-LED) while their head was ﬁxed by a chin rest
on a small table. The LED-array of the PST served to illuminate the
pupil in the optical axis while the Pupillograph II illuminated the
pupil from the bottom respectively. Two infrared-sensitive CCD-
cameras at a distance of 0.7 m recorded the image of the pupil.
Subjects were instructed to ﬁxate a small black dot (0.5 mm in
diameter) on the illuminated white wall (brightness levels de-
scribed below) behind the camera to avoid accommodation.Both simultaneously collected images were processed by means
of a frame-grabber card in a personal computer with the image-
processing software for 25 Hz real-time analysis of the PST. Diam-
eter of the pupil, eye position and accommodation were recorded
simultaneously by the PST and displayed on a screen to control pu-
pil size ﬂuctuations that are related to lens accommodation or near
response.
2.3. Experimental design
Twelve subjects were divided into six subgroups of two. Each
group was examined four times in the morning every half hour be-
tween 9 a.m. and 11 a.m. by both pupillographs. The luminance of
the white wall around the black ﬁxation dot in a subject’s ﬁeld of
view was 0 cd/m2, 0.5 cd/m2, 2 cd/m2 and 40 cd/m2, respectively.
The light source consisted of a dimmed halogen lamp with its typ-
ical wavelength spectrum similar to daylight. Each light condition
was tested once in the same subject. Brightness was controlled be-
fore every measurement by a Luminancemeter (LS 100; Konica
Minolta, Langenhagen Hannover, Germany). The sequence of the
four light intensities was randomized for each group. Based on pre-
ceding experiments a light intensity close to 2 cd/m2 was chosen
because in that range we expected most pupillary oscillations
mimicking sleepiness waves. To detect potentially masked sleepi-
ness the 0 cd/m2 condition was added, because only sleepiness-re-
lated oscillations would appear in darkness. To avoid the
interference of sleepiness waves and to maintain a high alertness
level, the following strategies were chosen:
 The study was performed in the morning hours.
 Coffee and black tea were allowed during the measurement.
 Before the test subjects had to read aloud two pages of a book in
front of their co-participants. (A procedure used frequently in
psychology to provide a high alertness level).
 The recording time was shortened to 5.5 min in contrast to
11 min in normal PST.
 A radio program with music was played in the background dur-
ing the pupillary recordings.
 Between the periods of recording the subjects stayed in daylight
in a recreation room.
After the measurement the subjects had to estimate their own
alertness level by two different standardized subjective rating
scales, the Stanford Sleepiness scale (SSS) (Hoddes, Zarcone, Smy-
the, Phillips, & Dement, 1973) and the Visual analogue scale
(VAS) (Moldofsky, 1992). In both scales low values correspond to
high alertness level. The ordinal SSS allows values from 1 to 7,
the continuous VAS from 1 to 100.
2.4. Data management
In a ﬁrst step data of both pupillographs had to be calibrated
and adjusted in preparation for the mathematical analysis by the
PST-software. As a consequence the pupil diameter of Pupillograph
II had to be multiplied by a scale factor of 1.22 after eliminating lid
artifacts. For the PST the following procedures and parameters are
relevant: An algorithm for the calculation of the pupil diameter for
the special purpose of sleepiness detection was developed by the
pupil research group at the University Eye Hospital Tuebingen
and patented by the university of Tuebingen (DPA 5402P137). Pu-
pil diameter is calculated by a repeated circle ﬁt procedure at
25 Hz, based on the detection of the ﬁrst Purkinje reﬂex on the cor-
nea and the identiﬁcation of edge points of the pupil (Lüdtke et al.,
1998). The entire recording is plotted in four time segments of 82 s
consisting of 2048 data points. Before off-line analysis, missing
data values are replaced by linear interpolation. The automated
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each time segment (82 s) and second the mean for the entire
recording time: mean pupil diameter (mm), pupillary unrest index
(PUI, mm/min), power/amplitude spectrum for the frequency
range of 0–0,8 Hz (arbitrary units), interpolation rate (%).
2.5. Parameters of evaluation
The amplitude spectrum and the frequency are the result of a
fast Fourier transform (FFT) for the frequency range below 0.8 Hz
(Lüdtke et al., 1998). The amplitude spectrum and the pupillary un-
rest index are closely correlated. As the main parameter of analysis
in trials with the PST we have used the PUI, corresponding to a
low-pass ﬁltering of the data set and excluding high-frequency
noise from the following calculation. The PUI is the result of the
following data analysis procedure: First the average of 16 consec-
utive data points is calculated, this procedure is performed consec-
utively for all data points of the recording. Second, the absolute
values of the differences from one average to the next one are
summed up and normalized by time. Pupillary unrest index is a
measure of pupillomotor instability and is calculated as an inte-
grated sum of the slow movements of the pupillary margin during
the measurement period (strong ﬂuctuations in pupillary diameter
result in higher values of the PUI).
The formula of the PUI is:
PUI ¼ 1ðN  16Þ  Dt 
XN16
i¼2
di  di1jj
Values of the PUI are expressed in units of mm/min. Further
methodical aspects of recording and analysis have been described
in detail elsewhere (Lüdtke et al., 1998). Additional data of both
subjective rating scales SSS and VAS were analyzed.
2.6. Statistics
For statistical evaluation of the relationship between the differ-
ent light intensities (independent variable) and the pupil parame-
ters (dependent variable) the multivariate analysis of variance
(MANOVA for repeated measurements) was used. If the MANOVA
provided signiﬁcant results linear and square polynomials were
analyzed using an F-test. The Spearman rank coefﬁcient was calcu-
lated to investigate the degree of association between these vari-
ables. The signiﬁcance level was set at 5% (p < 0.05 signiﬁcant,
p < 0.01 highly signiﬁcant).
3. Results
3.1. Original pupillograms
The four graphs in Fig. 1 show the original curve of the pupil
diameter at the four luminance levels 0 cd/m2, 0.5 cd/m2, 2 cd/m2
and 40 cd/m2 during the 5.5 min of recording. Each pupil curve
of the subjects is displayed one upon the other, whereas the posi-
tion of one course in each ﬁgure corresponds to one subject. In
darkness (luminance 0 cd/m2) only one subject showed pupillary
sleepiness waves as a sign of decreased alertness level (see arrow
in Fig. 1) and was excluded from further analysis. All other subjectsFig. 1. Courses of the pupillary diameter of each subject at 4 ambient lights during
the recording time of 5.5 min; the position of each subject is the same in every
diagram. Initial pupil diameter is given for each individual (median of the pupil
diameters of the ﬁrst 10 s). The subject with the second pupillogram from the
bottom was excluded from the analysis due to severe daytime sleepiness (‘‘arrow”).
Presumed light-induced oscillations that seemed typical are marked by a ‘‘star”.
"were objectively alert. At the three other ambient light conditions
all subjects showed oscillations of the pupillary diameter. How-
ever, there were considerable inter-individual differences with re-
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Fig. 3. Mean amplitude spectrum 6 0.8 Hz (95% conﬁdence interval) at three
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Fig. 4. Mean frequency (95% conﬁdence interval) at three ambient lights.
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continuously in the same individual during the entire recording
time, but appeared after a certain time lag in the majority of cases.
Light-induced oscillations did not show major differences to sleep-
iness waves, although they seemed to be less associated with a
general trend of miosis during the recording time (Fig. 1).
3.2. Recordings in darkness (0 cd/m2)
On the search for light-induced phenomena we disregarded the
0 cd/m2-value of the parameters PUI, mean amplitude spec-
trum 6 0.8 Hz and mean frequency for the analysis. The 0 cd/m2-
measurement was only used to control the alertness level and to
detect an interference of sleepiness waves.
3.3. Pupillary unrest index (PUI)
The parameter PUI increased signiﬁcantly with increasing lumi-
nance (p[MANOVA] = 0.017, p[linear trend] = 0.001 and p[square
trend] = 0.873) (Fig. 2).
3.4. Mean amplitude spectrum 6 0.8 Hz
With increasing light intensities the mean amplitude spec-
trum 6 0.8 Hz increased signiﬁcantly (p[MANOVA] = 0.016, p[lin-
ear trend] = 0.001 and p[square trend] = 0.229) (Fig. 3). There was
a strong correlation between the parameters PUI and amplitude
spectrum6 0.8 Hz (r > 0.9).
3.5. Mean frequency
The mean frequency of pupillary oscillations showed similar
light-dependent characteristics as the PUI and the amplitude spec-
trum 6 0.8 Hz (Fig. 4). The increase of the mean frequency with
light intensity was signiﬁcant (p[MANOVA] = 0.002, p[linear
trend] = 0.227 and p[square trend] < 0.001).
3.6. Subjective rating scales SSS and VAS
The subjective rating scales SSS and VAS correlated signiﬁcantly
with each other (r > 0.75). All self-estimated values were very low
during the entire measurement in the morning (SSS: median 2;
25% quartile 2; 75% quartile 2; VAS: median 13.5; 25% quartile
7.5; 75% quartile 22.75). This result emphasized the fact, that the
subjects remained alert and therefore the oscillations observed
may have been related mainly to luminance.2
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Fig. 2. Mean pupillary unrest index (95% conﬁdence interval) at three ambient
lights.4. Discussion
This study conﬁrmed that light-induced pupillary oscillations
correlate positively with light intensity, as postulated already by
Loewenfeld but not yet examined in the setting of a controlled
study. Those oscillations do not show a frequency characteristic
that allows them to be ﬁltered out easily from a recording of sleep-
iness-related oscillations in daylight. Light-induced oscillations re-
minded much more of sleepiness-related oscillations than
expected. This aspect is under investigation in a separate study
of sleep deprivation.
As far as methods are concerned two major problems had to be
solved in our study: ﬁrstly stable alertness level of the test subjects
and secondly stable recording of pupil size in light condition. The
latter problem was solved by applying simultaneously the Pupillo-
graph II next to the PST, due to the limitations of the PST by smaller
pupil sizes below 3 mm.
Secondly, the evidence for the constant high alertness level dur-
ing all measurements between 9 a.m. and 11 a.m. was given by the
stable pupil size in darkness while the order of light conditions was
randomized between the subject groups (Fig. 1). Moreover, the re-
sults of both subjective rating scales (SSS and VAS) underlined the
high alertness level. Thus, all ﬂuctuations in pupil size in light were
merely light-induced and the risk for an interference with sleepi-
ness waves was excluded as far as possible. Only one subject
showed oscillations in darkness (see ‘‘arrow” in Fig. 1). He reported
that he had not fulﬁlled his regular sleep need the night before the
measurement and quoted also high scores in the subjective rating
scales.
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trial about light-induced pupillary oscillations under stable alert-
ness level and their relation to illumination intensity. With regard
to inter-individual variability, temporal and spatial characteristics
as well as discontinuity we have to focus on phenomenological
description rather than physiological explanations.
The observed light-induced oscillations were hard to differenti-
ate from sleepiness waves. In some cases under stable alertness le-
vel obviously light-induced oscillations did not come along with a
general decline of the pupil diameter. The latter observation is re-
garded to be a typical characteristic of sleepiness waves. Light-in-
duced oscillations did not occur in all subjects and the temporal
and spatial characteristics were considerably different between
the subjects. Oscillations in light were not continuously present
during the entire recording time. Mostly there was a time lag of
about 2 min after the start of the measurement to the onset of
the pupillary ﬂuctuations. After that, periods with and without
oscillations might alternate. Perhaps there has to be a subtle
decrease in alertness to trigger the development of pupillary oscil-
lations. Further experiments with simultaneous electro-encepha-
lography (EEG) recording may clarify this point. Another
explanation may be a time lag of the feed back mechanism of the
pupillary regulation system at constant illumination before insta-
bility occurs.
Concerning the PST-parameters, mean PUI and mean amplitude
spectrum6 0.8 Hz increased signiﬁcantly with higher luminance
(Fig. 2 and Fig. 3). As in previous investigations both parameters
showed a signiﬁcant correlation (Wilhelm, 2007). In our study
the relationship between luminance and amplitude spectrum
was linear and in line with Loewenfeld’s observations in single
cases (Loewenfeld, 1993). Mean frequency increased with the
square of the illumination intensity. The observed amplitudes
and frequencies were not different from those of sleepiness waves
and therefore can mimic sleepiness waves.
Our results are to some extent concordant with the observa-
tions of Loewenfeld. She also noticed an increase in amplitude
and frequency of pupillary unrest up to 400 cd/m2 and a de-
crease in higher intensity of illumination (Loewenfeld, 1993).
However, we observed that light-induced oscillations often were
similar (see ‘‘star” in Fig. 1) to the well-known sleepiness waves
(see ‘‘arrow” in Fig. 1). This is in opposite to Loewenfeld, who
stated – without giving details – that the light-induced waves
are irregular in rhythm and that fatigue waves would differ in
timing and extent from pupillary unrest induced by steady light
(Loewenfeld, 1993). If Loewenfeld’s statement ‘‘irregular in
rhythm” can be interpreted as inconsistent during the recording
time, then our observations are also in line with her ﬁndings.
Another statement by Loewenfeld is that light-induced oscilla-
tions tend to be more vigorous in young, excitable people than
in older people but they vary among individuals. The latter
seems to be supported by our ﬁndings in younger subjects, but
in our sample there were no data from older people to compare
to. The reason for these marked inter-individual differences was
unknown at Loewenfeld’s time and still remains unclear accord-
ing to our results in young adult subjects.
In contradiction to all other investigators, Gruenberger re-
corded spontaneous pupillary oscillations in light in order to as-
sess central nervous activation. He investigated psychiatric
patients by pupillometry in steady light of 160 lux. During the
ﬁrst 25.6 s spontaneous pupillary oscillations were recorded
and analyzed by fast Fourier transformation. He interpreted that
high central activation level provoked high frequencies and
amplitudes of the oscillations (Grünberger, Linzmayer, Grünber-
ger, & Saletu, 1992, 1994; Grünberger, Linzmayer, Wytek, &
Grünberger, 1996). According to present knowledge changes in
alertness level can only be assessed by pupillary recordingstrictly in darkness. Furthermore the recording of light-induced
oscillations needs a longer recording time than applied by Gru-
enberger due to the observed dynamics (Fig. 1). We do not agree
with Gruenberger’s conclusions that high values in amplitude
spectrum of the oscillations express a high level of central ner-
vous activation. This is exactly the opposite of what has been de-
scribed convincingly by other authors (Danker-Hopfe, Kraemer,
Dorn, Schmidt, Ehlert, & Herrmann, 2002; Kraemer, Danker-Hop-
fe, Dorn, Schmidt, Ehlert, & Herrmann, 2000; Wilhelm et al.,
1996, 1998, 1999).
In conclusion, we found pronounced light-induced oscillations.
During the test the alertness level was high; therefore the oscilla-
tions depended only on the light intensity and not on ﬂuctuations
of the central nervous activation level. We could not deﬁne a reg-
ular ﬁxed relationship between either the amplitude or frequency
of the provoked oscillations to a certain illumination intensity.
Such a relationship would have allowed ﬁltering out light-induced
oscillations of a pupillographic recording in daylight. Thus, a chal-
lenge remains for further analytic approaches and similar experi-
ments with extended methods like simultaneous electro-
encephalography.
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